We present the cDNA and amino acid sequences of a cytoskeletal keratin from human epidermis (M, = 56K) that belongs to one of the two classes of keratins (Type I and Type II) present in all vertebrates. In these two types of keratins the central -300 residue long regions share -30% homology both with one another and with the sequences of other IF proteins. Within this region, all IF proteins are predicted to contain four helical domains demarcated from one another by three regions of 13-turns. The amino and carboxy termini of the Type II keratin are very different from those of microfibrillar keratins and other nonkeratin IF proteins. However, they contain unusual glycine-rich tandem repeats similar to the amino terminus of the Type I keratin. Thus the size heterogeneity among keratins appears to be a result of differences in the length of the terminal ends rather than the structurally conserved central region.
Introduction
The cytoskeleton of most mammalian cells includes a prominent network of 8-10 nm filaments called intermediate filaments (IF) (Lazarides, 1982) . In the past ten years a number of biochemical, immunological, and physicochemical studies have indicated that the structure of IF is highly similar to that of microfibrils which form the backbone of such epidermal appendages as hair and wool (Crewther and Harrap, 1967; Fraser, MacRae, and Rogers, 1972; Skerrow, Matoltsy, and Matoltsy, 1973; Jones, 1975; Fraser, MacRae, and Suzuki, 1976; Steinert, 1978; Steinert, Idler, and Goldman, 1980; Weber, Osborn, and Franke 1980; Geisler, Kaufmann, and Weber, 1982) . Thus the models that were developed earlier for the structure of microfibrils have been more recently extended to IF. The microfibrils are composed of about IO protofibrils and each protofibril represents a polymer of two or three polypeptide chains (for review see Fraser, MacRae and Rogers, 1972) . These proteins that form the subunits of protofibrils contain long regions of mainly a-helical conformation in the center, and a staggered conformation of unknown structure at the amino and carboxy terminal ends. Since the early studies of Pauling and Corey (1953) and Crick (1953) it has been thought that the helical regions of the protofibrillar subunits intertwine around one another to form a coiled-coil rod, and that these rods are linked end-to-end to form a ropelike filament that constitutes the protofibril.
Until recently, the complete amino acid sequence of any IF or microfibrillar protein was not known. Therefore, many important aspects of the structure of IF and of microfibrils, and the relationships among the various proteins that form these filaments, remained unclear. In different tissues and at different stages of development there are at least 20-30 distinct polypeptides (M, 40-70 K) capable of forming IF (Lazarides, 1982) . Recently, amino acid sequencing of desmin, vimentin, glial filament protein, and neurofilament protein fragments indicated that these four classes of IF proteins are highly homologous (70%-80%) (Geisler and Weber, 1981; Geisler, Plessmann, and Weber, 1982; Hong and Davison, 1981) . The amino acid sequence of a 50 K human epidermal keratin, predicted from a cDNA sequence, also revealed a significant yet low homology with these four IF proteins (-30%) (Hanukoglu and Fuchs, 1982) . Furthermore, the sequences of all of these IF proteins showed significant homology with the partial sequences of wool microfibrillar keratins (Hanukoglu and Fuchs, 1982; Geisler and Weber, 1982; Dowling, Parry, and Sparrow, 1983) thus finally directly confirming earlier indications that IF and microfibrillar keratins are related. Within the family of IF proteins, the keratins represent the largest and the most diverse class (Mall et al., 1982) . In contrast to the other types of IF proteins, the cytoskeletal keratins can be further subgrouped into at least two distinct classes on the basis of the homologies of their corresponding mRNAs to two different cloned human epidermal keratin cDNAs (Fuchs et al., 1981) . At least one member of each of these two classes of keratins is present in all epithelial cells (Kim, Rheinwald, and Fuchs, 1983) and genomic DNA sequences complementary to each of the two classes are observed in all vertebrates (Fuchs et al. 1981; Fuchs and Marchuk, 1983) . Recently, studies on cloned cDNAs for mouse cytoskeletal keratins have similarly demonstrated that there is more than one class of keratin mRNAs (Roop et al., 1983) .
The partial sequences of two wool keratin fragments have also revealed that there are at least two distinct sequences of microfibrillar keratins (Type I and Type II) that share with each other only about 30% homology Gough et al., 1978) . We previously observed that the human cytoskeletal keratin sequence of one class shares 60% homology with the Type I wool microfibrillar keratin sequence and 30% with the Type II sequence. Thus we predicted that the other class of epidermal keratins would be more homologous to the Type II wool keratin sequence than to the Type I sequence. In this paper, we report the cDNA and the predicted amino acrd sequence of a 56 K keratin that represents a member of the second class of keratin mRNAs. This sequence confirms our earlier predictions, hence we now name these two classes of keratins as Type I and Type II, on the basis of their homologies to the wool microfibrillar keratin fragments. In addition, we present comparisons of the sequence and the predrcted structure of this Type II keratin with those of the Type I keratin and other IF proteins. Our results reveal the molecular basis of the variability in the sizes of the two classes of keratins and indicate that despite the variations in their sequences, all IF proteins contain a central region with four helical domains demarcated by three conserved sites of helix interruptions. The nonhelical ends of both Type I and Type II cytoskeletal keratins contain short tandem repeats of an unusual sequence which distinguishes them not only from other IF proteins but also from the microfibrillar Type I and Type II keratins.
Results
The cDNAs Sequenced and the DNA Sequencing Strategy
The cDNAs of Type I and Type II keratin mRNAs present in cultured human epidermal cells were cloned previously using pBR322 as vector and E. coli xl776 as host (Fuchs et al., 1981) . We have already reported the DNA sequence of two cloned cDNAs that represented copies of a Type I mRNA for a 50 K cytoskeletal keratin (Hanukoglu and Fuchs, 1982) . For the present study we selected two different cloned cDNAs, KA-1 and KA-13, that belong to the other class (Type II). As determined by positive hybridization-selection of the corresponding mRNA, the insert of KA-1 codes for a 56 K cytoskeletal keratin (Kim, Rheinwald, and Fuchs, 1983) . KA-1 was selected because it represented the cDNA insert nearest in size to the complete mRNA from which it was derived (Fuchs et al., 1981) . Preliminary restriction maps indicated that KA-13 is shorter than KA-1 but otherwise contains the same sites as KA-1, suggesting that it represents a copy of the same mRNA as KA-1. Thus KA-13 was also selected for sequencing to ensure the fidelity of the sequence of KA-1. The strategies used in determining the DNA sequence of the cDNA inserts, KA-1 and KA-13, are shown in Figure 1 .
Coding and Noncoding Regions of the cDNAs
The complete sequence of the KA-1 keratin cDNA insert is shown in Figure 2 . The size of the insert is 1685 nucleotides. The DNA sequence of the shorter insert, KA-13, is identical to the corresponding sequenced region of KA-1 with the exception of one nucleotide which is indicated in the legend. The cDNA insert KA-I includes a complete copy of the 3' end of the mRNA, as it has a 32 nucleotide long poly(A) stretch that most likely represents a copy of a portion of the 3' end poly(A) tail of the mRNA. In addition, the putative polyadenylation signal sequence AAUAAA (Fitzgerald and Shenk, 1981) appears 21 nucleotides from the first A of the poly(A) region.
The open reading frame shown in Figure 2 extends for 1071 nucleotides and ends with the stop codon TAA. The other two possible reading frames are interrupted by 11 and 15 stop codons (either TAG or TGA) up to nucleotide 1071 and contain an additional 9 and 12 stop codons (TAG, TGA, or TAA) beyond this point. It is interesting that the sequence TAA does not exist within the coding segment of the mRNA in any reading frame. This may suggest that during evolution TAA has been screened out of the coding region. Overall, these results clearly indicate that the reading frame depicted in Figure 2 is the only frame of this mRNA that codes for a protein. The unusually long (545 nucleotides) 3'-end untranslated region predicted by this sequence is consistent with previous estimates of the size of the noncoding regions of the mRNA for 56 K epidermal keratin (Fuchs and Green, 1979) . The cDNA does not contain a complete copy of the 5' end of the mRNA because the size of the coding region sequence is not sufficient to code for the full length of the 56 K keratin. The estimated size of the mRNA for the 56 K keratin is 2150 nucleotides (Fuchs and Green, 1979) indicating that the KA-1 keratin cDNA represents about 80% of the total length of the mRNA. The sequence is shown in the 5' to 3' direction of the mRNA strand. The numbers above the amino acids mark the position of the amino acids, and those below mark the position of the nucleotides (N-terminus of the predicted amino acid sequence = 1). The cluster of Gs at the 5' end and the cluster of Cs at the 3' end represent the enzymaticatly-tailed regions of the plasmid and the ds-cDNA used for cloning (Fuchs et al., 1981) . The stop codon of the reading frame shown here is marked with a dot. The underlined nucleotides represent the putative polyadenylation signal sequence. The nucleotide at position 208 is a C instead of a T in the KA-13 cDNA.
To provide further evidence that the open reading frame indeed codes for a 56 K keratin, we isolated the 56 K keratin from cultured human epidermal cells and determined its amino acid composition. The agreement between the results of this actual amino acid analysis and the amino acid composition predicted from the cDNA is significant (Table 1) . However, the percentage of Gly and Phe are lower in the predicted sequence. As we discuss in the next section, we expect that the missing amino terminal portion of the cDNA sequence codes for a protein segment that is similar to the amino terminal portion of the Type I 50 K keratin. This region in the 50 K keratin contains an unusual sequence that consists of triplets of glycines separated by hydrophobic residues, including phenylalanine (Hanukoglu and Fuchs, 1982) . Thus with this assumption, the amino acid composition of the predicted portion of the 56 K keratin sequence corresponds very well to the actual amino acid analysis results (Table 1) .
In the predicted sequence of the 56 K keratin, the codon frequencies of many amino acids are not random (tabulated results are not shown). In many (but not all) animal genes, codons ending in G or C are preferred (WainHobson et al., 1980) . The magnitude of this bias was shown to be especially pronounced for the 50 K keratin cDNA sequence (Hanukoglu and Fuchs, 1982) and our results here indicate that the codon bias for the 56 K keratin cDNA sequence is also markedly conspicuous. For Values are presented as percentages. a From Hanukoglu and Fuchs, 1982 . 'Determined as described in Experimental Procedures 'Calculated from the predicted protein sequence in Figure 2 .
example, in the 56 K keratin sequence, 28 codons for Leu end in G, only five end in C, and one ends in A or T; similarly, 22 codons for Lys end in G and only one ends in A. In the absence of bias in some genes (Hendy et al., 1981) these findings suggest that codon bias of related genes may be similar.
Sequence Homologies and Differences between Type I and Type II Cytoskeletal Keratins At the bottom of Figure 3 , we list the sequences of the human Type II and Type I keratins and provide a comparison of their sequences (see legend). As shown, the amino acid sequences of the 56 K (Type II) and 50 K (Type I) cytoskeletal keratins could be aligned to reveal a significant but low (27%) homology over the entire central region (approximately 300 residues long) of the two proteins. To achieve optimal homology between these two sequences within this region, it was necessary to assume only a single deletion at position 256 in the 50 K keratin sequence (Figure 3 ). With this alignment of the two protein sequences, the corresponding coding DNA sequences showed 47% homology in this central region. When the homology between the two DNA sequences was analyzed by the method of Brutlag et al. (1982) statistically significant homologies were observed for the following segments of KA-1 and KB-2 respectively: 751-797 with 1033-1079, 760-789 with 757-786, and 943-977 with 13-47 (the numbers refer to the DNA sequences presented in Figure  2 for KA-1, and in Hanukoglu and Fuchs, 1982, for KB-2) .
The ready alignment of the 50 K and 56 K keratin sequences immediately revealed that the size differences between Type I and Type II keratins result from differing lengths of both the amino and the carboxy terminal regions of the two proteins rather than from any significant insertions or deletions in their central regions (Figure 3 ). Remarkably, the carboxy terminal region of the 56 K keratin contains an unusual sequence that is highly similar to the glycine and serine-rich amino terminal portion of the 50 K keratin (Figure 3 ; Hanukoglu and Fuchs, 1982) . Recently, Steiner-t and Roop (J. Cell. Biol. 95:228a, 1982) reported that both the amino and carboxy terminal ends of two mouse epidermal keratins (59 K and 67 K) contain tandem repeats rich in glycine and serine, which are probably similar to those found in our two human keratin sequences. Thus on the basis of the mouse keratin sequences and the fact that the percentage of glycine in our predicted partial sequence is lower than that observed by actual amino acid analysis of the protein (Table l) , we expect that the missing sequence for the amino terminal portion of the 56 K sequence will be analogous to that of the 50 K keratin in containing these unusual repeats.
Primary and Secondary
Structural Homologies among Type I and Type II Cytoskeletal and Microfibrillar Keratins We previously showed that a segment of the human epidermal 50 K keratin shares 59% and 27% homology, respectively, with two Type I and Type II microfibrillar wool The wool keratin sequences are from Gough, Inglrs, and Crewther (1978) . The sequences of the human eprdermal keratins represent the hellcat domarn II and are located at positron 143-244 in Figure 3 . The dots mark the positions of homology between the two sequences indrcated at the left side of each line. The percentage of homologous positrons for the fwe comparisons are: (1) EKl-WKl: 59%, (2) EKl-WK2: 26%, (3) WKl-WK2: 31%, (4) EK2-WKl: 22%, and (5) EK2-WK2: 50%. In-this region the homology between EKl and EK2 is 18% keratin fragments (Hanukoglu and Fuchs, 1982 ) which i? turn share 30% homology with each other (Crewther, Inglis, and McKern, 1978; Gough, Inglis, and Crewther, 1978) . As predicted, the comparison in Figure 4 reveals that the 56 K cytoskeletal keratin is more homologous to Type II than to Type I wool microfibrillar keratin fragments (51% vs. 23%).
Empirical estimation of the helix content of the microfibrillar Type I and Type II keratin fragments revealed that these polypeptides are highly helical (Crewther and Dowling, 1971 ): The helix content of the Type I microfibrillar keratin fragment was found to be 85%, with the Type II showing somewhat less helicity. For both of the epidermal cytoskeletal keratins, the region homologous to these fragments is also predicted to be highly helical (Position 136-244 in Figure 3) . Thus within the regions compared here, the amino acid differences between these proteins are still compatible with the same secondary structural conformation even though the homology between microfibrillar and cytoskeletal keratins is at most 60%.
Additional sequence information for other fragments within the helical central region of the microfibrillar keratins is also available (Crewther, Dowling, and Inglis, 1980; Dowling, Parry, and Sparrow, 1983) and an examination of these sequences indicates that the above conclusions can be extended to these other regions as well. It is important to note, however, that the amino and the carboxy terminal ends of the microfibrillar keratins do not contain the unusual tandem repeats of glycine triplets that we observed in the cytoskeletal ones. Instead, the end regions of the microfibrillar keratins are very different in their own right, being rich in cysteine, serine, and proline.
Structural Homologies and Differences among Intermediate Filament Proteins At present, the most substantial sequence information available is for four IF proteins: a Type II human cytoskeletal keratin (this paper); a Type I human cytoskeletal keratin (Hanukoglu and Fuchs, 1982) ; chicken desmin (Geisler and Weber, 1982) ; and porcine vimentin (Geisler and Weber, 1981; Geisler, Plessman, and Weber, 1982) . In Figure 3 we present a comparison of the sequences and predicted secondarv structures of these four proteins.
The results in Figure 3 clearly extend to the Type II cytoskeletal keratins two of our earlier observations on the Type I keratins: One, the sequences of cytoskeletal keratins share overall low homology with other IF proteins; two, despite major sequence divergence of the keratins as compared to other IF proteins, they maintain a sequence that is compatible with the formation of long helical regions which appear to be common to all IF proteins. In Figure 3 we juxtaposed the results of the secondary structure prediction analyses in order to determine what structural features are predicted to be common to all IF proteins. In a study validating the use of statistical analysis to predict the positions of p-turns in proteins, Fasman (1979a, 1979b) noted that despite divergence of primary structures of related proteins, the positions of /3-turns are highly conserved. Using their procedure, we showed that very few D-turns are predicted within the 300 residue segment in the center of the 50 K keratin (Hanukoglu and Fuchs, 1982) . At that time, in the absence of sequence information for the amino terminal half of desmin and vimentin, we could not determine which j3-turns are conserved in all IF proteins. However, with the availability of three IF protein sequences that extend over at least 70% of the complete length of the protein, we are now able to observe a striking pattern of positions wherein /3-turns are conserved (see positions marked with arrows in Figure 3 ). It is noteworthy that the prediction of conserved turns at these positions is not associated with conserved sequences (Figure 3) . Within or adjacent to the first two of these &turn positions, some of the sequences include a proline residue which is strongly disruptive to the propagation of helical conformation. However, the third conserved P-turn position, which separates helical regions Ill and IV, does not include a proline (Figure 3) .
The most conspicuous feature of the predicted secondary structures of the four IF proteins is the long domains of helical conformation (Figure 3) . When the three conserved P-turns noted above are taken as the demarcation points, these helical domains clearly appear in four major clusters in all IF proteins shown in Figure 3 , and they are marked as I, II, Ill, and IV in the models for the secondary structure of Type I and Type II keratins. These four domains reveal an interesting tandemly repeated structure for these proteins, with the length of the domains being approximately 30-50, 95, 35, and 95 residues respectively. Re-gions II, III, and IV appear to be nearly constant in size in all IF proteins, whereas domain I may be of varying length, at least for desmin and Type I (50 K) keratin for which sequence information is available.
The size variability among different IF proteins is a result of differences in the length of the carboxy and amino terminal regions rather than insertions or deletions in the central region of the molecules. The homologous positions among all four sequences are concentrated within the predicted helical regions. The two most conserved regions include nearly the entire length of Region Ill and the carboxy terminal segment of Region IV (Figure 3) . The homology between either Type I or Type II cytoskeletal keratins and the other IF proteins cannot be ascribed to the similar secondary structural conformations of the proteins, because this homology is reduced to nonsignificant levels (3%-6%) when the alignment of the sequences is shifted by one or more amino acid residues in either direction. As noted above for the Type I and Type II keratins, and previously for Type I keratin and other IF proteins, the sequence homology is especially low in the carboxy terminal regions and the optimal alignment of the sequences in the carboxy terminal regions requires addition of gaps in the Type I50 K keratin sequence (Hanukoglu and Fuchs, 1982) . Nonetheless, it appears that in this carboxy terminal region the Type I keratin is more related to desmin and vimentin than it is to the Type II keratins.
Discussion
What Are the Sequence and Structural Relations between Type I and Type II Cytoskeletal Keratins and Other IF Proteins?
Within the family of intermediate filament proteins, keratins (M, = 40-70 K) constitute the largest group, with at least IO-20 members in most mammals. As recent studies indicate, cytoskeletal keratins of all vertebrates can be grouped into at least two classes on the basis of their sequence homology deduced from cloned cDNA-mRNA hybridizations. These studies further reveal that the M, range of the keratins in the two classes are largely nonoverlapping and that they are 40-55 K and 56-70 K respectively, for the Type I and Type II keratins.
The amino acid sequence of a 50 K human epidermal keratin, which we predicted previously from a cDNA sequence, provided direct sequence evidence that a cytoskeletal keratin shares 60% homology with a Type I and 30% homology with a Type II wool microfibrillar keratin fragment (Hanukoglu and Fuchs, 1982; Crewther et al., 1978; Gough et al., 1978) . In this paper we present the predicted amino acid sequence of a 56 K keratin that represents a member of the second class of cytoskeletal keratins. This sequence shows greater homology with Type II than with Type I wool microfibrillar keratin fragments. Thus we have named these two classes of cytoskeletal keratins Type I and Type II in accordance with the wool keratin nomenclature.
A comparison of the sequences and predicted secondary structures of these two cytoskeletal keratins both with one another and with other available IF protein sequences reveal certain important similarities and differences among these proteins: (1) Within the central approximately 300 residue long portion of the IF proteins (position 100-410, Figure 3 ) Type I and Type II keratins share a low but significant (30%) sequence homology both with each other and with the other nonkeratin IF proteins (desmin, vimentin, and neurofilament protein share with each other >70% homology; Geisler and Weber, 1982) . For optimal homology, the alignment of all IF protein sequences in this region requires the addition of no or only a few (l-5) gaps. (2) Within this central region, there are four richly a-helical domains which are demarcated from one another by three regions for which o-turns are predicted with a high degree of probability in all IF sequences (see Results). The first two of these p-turn regions contain proline in some, but not all IF sequences. (3) The four helical domains (marked as I, II, Ill, and IV in Figure 3 ) are predicted to be nearly constant in size in all IF proteins and they are approximately 30-50, 95, 35, and 95 residues long respectively. (4) Although amino acid sequence homology is higher within the predicted helical domains, it is especially prominent in domain Ill and in the carboxy terminal end of domain IV. (5) Beyond the central conserved region, the carboxy terminal end of the 56 K Type II keratin shows no significant similarity to the carboxy terminal end of Type I keratin or to other IF proteins. In addition, it is about 30 residues longer than those of other IF proteins. Although there is significant homology among the carboxy terminal regions of the 50 K Type I keratin, desmin, and vimentin, this is less than that within the helical domains. (6) The amino (but not carboxy) terminal end of the Type I 50 K keratin contains a tandemly repeating pattern of Gly-Gly-Gly-X, (where X is an aromatic or hydrophobic amino acid) separated by stretches of serines. Not only does the carboxy terminal end of the Type II 56 K keratin contain a similar sequence, but its amino terminal end is expected to be rich in glycine (see Results).
At present, we do not know the sequences of other IF proteins. However, recently Steinert and Roop (J. Cell Biol., 95:228a, 1982) reported that they have determined the sequences of the 59 K and 67 K mouse epidermal keratins, that the sequences of these keratins are compatible with the formation of two long helical regions, and that both contain glycine-rich tandemly repeated sequences in their carboxy and amino terminal ends. Thus from their observations it appears that the sequence and structural characteristics outlined above for the cytoskeletal keratins holds true for IF keratins from different species.
The Type II cytoskeletal keratins generally show isoelectric points that are more basic than those of Type I keratins (6.5-7.5 vs. 4.5-5.5) (for a review see Moll et al., 1982) . The sequence and amino acid composition differences between these two types of keratins (Table 1) do not readily explain this isoelectric point difference. Nonethe-less, it is possible that this may be a result of small but important sequence or conformational differences, or alternatively, posttranslational modifications of these two groups of proteins.
What Is the Role of the Constant Regions among IF Proteins?
Previously, many physicochemical and biochemical studies have indicated that the proteins that form the IF or the microfibrillar filaments contain two helical domains the sizes of which have been estimated to be loo-150 residues (or 15-23 nm assuming 1.5 nm axial rise per amino acid residue in an a-helix) (Crewther and Harrap, 1967; Skerrow, Matoltsy, and Matoltsy, 1973; Fraser, MacRae, and Suzuki, 1976; Steiner-t, 1978; Steinert, Idler, and Goldman, 1980; Geisler, Kaufmann, and Weber, 1982) . Despite the many differences noted among the various IF proteins, the ultrastructures of the filaments formed from these proteins are highly similar and display an axial periodicity of 21 nm (Kallman and Wessells, 1967; Henderson, Geisler, and Weber, 1982; Milam and Erickson, 1982) . As already noted by these authors, this periodicity may reflect the unit length of the helical domains within each IF protein.
The results of our analyses on the sequences of the two human cytoskeletal keratins are, in general, consistent with these previous observations. However, our analyses, based primarily on sequence data, present a more precise model for the structure of these two proteins, one that is, in some important respects, different from those of some of the earlier studies. The models shown in Figure 3 depict four centrally located helical domains which are demarcated from one another by three conserved ,&turn regions. The analyses we carried out reflect predictions for single subunits. At present we do not know whether the domains are completely helical in their native IF conformation and whether the p-turn(s) predicted in between these domains reverses the direction of or causes a loop in the polypeptide chain at these points. Studies on the microfibrillar keratins have already indicated that the helicity of major domains may be enhanced by the interactions of the proteins with one another in their polymerized states (Crewther and Dowling, 1971) .
The original observations of Pauling and Corey (1953) and Crick (1953) suggested that the helical domains of protein subunits intertwine around one another to form the protofibrils that constitute the IF or the microfibrils. More recent studies indicate that the assembly of coiled-coil protofibrillar structure of IF may be dependent on hydrophobic and ionic interactions among the helical domains of the protein subunits (Fraser, MacRae, and Suzuki, 1976; Parry et al., 1977; Elleman, Crewther, and Touw, 1978; McLachlan and Stewart, 1982; Steinert et al., 1982; Dowling, Parry, and Sparrow, 1983) . As an extension of studies on tropomyosin structure, it has been noted that there is a periodicity in the occurrence of nonpolar residues in the sequence of wool microfibrillar keratin fragments known to constitute a major helical domain of these proteins (Fraser, MacRae, and Suzuki, 1976; Elleman, Crewther, and Touw, 1978) . Similar periodicities also occur in Type I and Type II cytoskeletal keratins (Hanukoglu and Fuchs, 1982 ; and this work) and desmin (Geisler and Weber, 1982) . We observe that our predicted helical domains I, II, and IV correspond well with these periodicities. However, within a region of sequence that corresponds to our domain Ill there are irregularities in this periodicity in both microfibrillar keratins and IF proteins (see Figures 6, 2 , and 1 in, respectively, Geisler, Kaufmann, and Weber, 1982; Geisler and Weber, 1982; and Dowling, Parry, and Sparrow, 1983 ). This does not necessarily eliminate the possibility of a coiled-coil helical structure in this region, because such a structure may be stabilized by other types of molecular interactions. In fact, using Fourier analysis, evidence has also been provided for periodicities in the distribution of acidic and basic residues in microfibrillar keratins and IF proteins indicating that electrostatic interactions may be important in IF assembly (Parry et al., 1977; McLachlan and Stewart, 1982; Dowling, Parry, and Sparrow, 1983) . Consistent with these observations, an examination of our keratin sequences reveals that both hydrophobic and charged residues are clearly conserved. The general concordance of our secondary structural prediction analyses with these significant periodicities increases our confidence in the model indicated in Figure 3 for the cytoskeletal keratins and the involvement of the four predicted helical domains in coiled-coil formation in protofibrils.
What Is the Role of the Variable Regions among IF?
In the past ten years, biochemical studies have indicated that in IF proteins the central region that is richly helical is flanked by nonhelical regions and that these may be involved in end-to-end linkage of IF proteins (Skerrow, Matoltsy, and Matoltsy, 1973; Steinert, 1978; Geisler, Kaufmann, and Weber, 1982) . Indeed, analyses of the sequence of cytoskeletal keratins (Figure 3 ; Hanukoglu and Fuchs, 1982) and desmin (Geisler, Kaufmann, and Weber, 1982) show little or no helical conformation at the amino and carboxy terminal regions of these proteins. However, the sequence information further reveals that, unlike the central helical domains, there is no sequence or structure that is common to all IF proteins at their terminal ends. In this region, the most unusual sequence is displayed by the cytoskeletal keratins which contain the tandem repeats of glycine noted above. Although the secondary structure prediction methods we used indicate that these regions contain mostly P-turns or D-sheet ( Figure 3 ) the presence of these unusual repeats in this region may reduce the validity of the predictions for this region (Chou and Fasman, 1974) . Thus the structure of these regions and their packing within the IF remain to be elucidated and in the future, true structural information may disclose novel features at the ends of these proteins.
Unlike actin filaments or microtubules, in vitro assembly of IF from purified protein subunits can be achieved with minimal requirements by a combination of purified IF proteins (Lee and Baden, 1976; Steinert. Idler, and Zimmer-man, 1976; Steinert et al., 1982) . However, the conditions and efficiency of the assembly of IF varies depending on the stoichiometry and the type of protein(s) that is copolymerized. For example, some IF proteins, e.g., desmin and vimentin, can form IF by themselves, whereas the formation of filaments from keratins seems to be dependent upon the presence of at least two distinct keratin polypeptides (Lee and Baden, 1976; Steinert et al., 1982) . If, as previously suggested, the terminal regions are involved in the assembly of IF proteins, then the variability in these regions may explain the specificity observed in the copolymerization of these proteins. At present we wonder whether the two distinct types of keratins that we have characterized are the two necessary building blocks for keratin filaments. The observations that both of these keratins are present in all tissues that have keratin filaments and that both are evolutionarily conserved (Fuchs et al., 1981; Kim et al., 1983; Fuchs and Marchuk, 1983) are consistent with this possibility. This will be further tested by specific in vitro studies combining different keratin subunits. The sequence and the predicted structure of the two types of keratins do not provide an answer to this question but will ultimately be necessary in order to resolve the tertiary and supersecondary structures of these proteins. Nonetheless, the presence of unusual tandem repeats at the amino terminal of Type I and at both the amino and carboxy termini of Type II cytoskeletal keratins may be indicative of some interactions between these two types of keratins.
We have presented the sequence of only one Type Ii keratin, but in some mammals there are at least 10 different proteins that belong to this Type. Most likely, variations in the sequences of these proteins are important in determining the structure of the filaments and the interactions of these proteins with other cellular molecules. The recent availability of cDNA clones and in vitro procedures for the formation of modified genes and the expression of their protein products provides some tools with which the function of the variable and constant regions in IF proteins can be further dissected.
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